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Abstract—Although the hardware complexity of the analog
self-interference canceller in emerging full duplex Multiple Input
Multiple Output (MIMO) designs does not scale with the number
of transceiver antennas, exploiting the benefits of analog cancel-
lation in massive MIMO systems with dozens of antennas is still
quite impractical. Hybrid Analog and Digital (A/D) beamforming
architectures have been lately considered as a candidate technol-
ogy for realizing massive MIMO transceivers with very large
number of antenna elements, but with much fewer numbers of
Radio Frequency (RF) chains. In this paper, we present a novel
architecture for full duplex hybrid A/D transceivers including
multi-tap analog cancellation with reduced number of taps
and simple multiplexers for efficient signal routing among the
transceiver RF chains. Capitalizing on the proposed transceiver
architecture, we present a joint design of analog cancellation and
A/D beamforming with the objective to maximize the full duplex
rate performance. Representative computer simulation results on
a millimeter wave channel model demonstrate the effectiveness
of the proposed architecture and algorithmic framework for
enabling simultaneous uplink and downlink communications with
reduced complexity analog cancellation.
Index Terms—Analog cancellation, full duplex, hybrid beam-
forming, joint optimization, multi-user communication.
I. INTRODUCTION
In band full duplex, also known shortly as Full Duplex (FD),
is a candidate technology for the Release 17 of the fifth Gen-
eration (5G) New Radio (NR) standard enabling simultaneous
UpLink (UL) and DownLink (DL) communication within the
entire frequency band [1]. A FD radio can transmit and receive
at the same time and frequency resource units, consequently, it
can double the spectral efficiency achieved by a Half Duplex
(HD) radio. Current wireless systems exploit Multiple Input
Multiple Output (MIMO) communication, where increasing
the number of Transmitter (TX) and Receiver (RX) antennas
can increase the spatial Degrees of Freedom (DoF), hence
boosting rate performance. Combining FD with MIMO op-
eration can provide further spectral efficiency gains [2]–[8].
FD radios suffers from Self Interference (SI), a term refer-
ring to the signal transmitted by the FD radio TX that leaks
to the FD radio RX. At the RX of the FD radio, the SI power
can be many times stronger than the power of the received
signal of interest. Consequently, SI can severely degrade the
reception of the signal of interest, and thus SI mitigation is
required in order to maximize the spectral efficiency gain
of the FD operation. As the number of antennas increases,
mitigating SI becomes more challenging, since more antennas
naturally result in more SI components. Conventional SI
suppression techniques in Single-Input Single-Output (SISO)
systems include propagation domain isolation, analog domain
suppression, and digital cancellation [4], [9]. Although analog
SI cancellation in FD MIMO systems can be implemented
through SISO replication, its hardware requirements scale
with the number of TX/RX antennas. The authors in [2],
[5] presented spatial suppression techniques that alleviate the
need for analog SI cancellation, which was replaced solely
by digital TX/RX beamforming. In [10], a joint design of
multi-tap analog cancellation and TX/RX beamforming, where
the number of taps does not scale with the product of TX
and RX antenna elements, was proposed. The FD technology
has been lately theoretically combined with Hybrid analog
and digital BeamForming (HBF) [11] to enable simultane-
ous UL and DL communications in massive MIMO systems
operating in the millimeter wave frequency bands [12]–[15].
These works mainly assigned the role of SI mitigation to the
hybrid beamformers and/or deployed analog SI cancellation
that scales with the number of TX/RX antennas.
In this paper, we present a novel hardware architecture for
FD HBF systems enabling the joint design of A/D TX/RX
beamformers with reduced complexity tap-based analog can-
cellation. The proposed analog canceller interconnects a subset
of the outputs of the TX Radio Frequency (RF) chains to
a subset of the inputs to the RX RF chains in order to
ensure that the residual SI signal after A/D TX precoding
and analog RX combining remains below the noise floor. Our
indicative simulation results with the proposed architecture and
an example FD HBF algorithmic framework showcase a 1.7
times rate improvement over HD HBF communication.
Notation: Vectors and matrices are denoted by boldface low-
ercase and boldface capital letters, respectively. The transpose
and Hermitian transpose of A are denoted by AT and AH,
respectively, and det(A) is the determinant of A, while In
(n ≥ 2) is the n× n identity matrix and 0n×m (n,m ≥ 2) is
a n ×m matrix with zeros. ‖A‖F is the Frobenius norm of
A, ‖a‖ stands for a’s Euclidean norm, and diag{a} denotes a
square diagonal matrix with a’s elements in its main diagonal.
[A]i,j , [A](i,:) and [A](:,j) represent A’s (i, j)-th element, i-th
row, and j-th column, respectively, while [a]i denotes the i-th
element of a. R and C represent the real and complex number
sets, respectively, E{·} is the expectation operator, and | · | is
the amplitude of a complex number.
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Figure 1. The considered bidirectional communication system with the proposed FD HBF architecture in the MIMO node k including N -tap analog cancellation
and A/D TX/RX beamforming. The HD multi-antenna nodes q and m communicate with node k in the DL and UL directions, respectively. Each TX RF
chain consists of a Digital to Analog Converter (DAC), a mixer upconverting the signal from BaseBand (BB) to RF, and a Power Amplifier (PA). A RX RF
chain consists of a Low Noise Amplifier (LNA), a mixer downconverting the signal from RF to BB, and an Analog to Digital Converter (ADC). Upsampling
and pulse shaping are used to prepare the BB signal for DAC and RF transmission at the TX side, whereas matched filtering and downsampling are used at
the RX side before BB processing of the received RF signal.
II. SYSTEM MODEL AND PROPOSED ARCHITECTURE
A. System Model
We consider the 3-user bidirectional communication system
in Fig. 1 comprising of a FD MIMO node k equipped with Nk
TX and Mk RX antenna elements, and two HD multi-antenna
nodes q and m having Mq and Nm antennas, respectively.
It is assumed that node k communicates simultaneously (in
the same time and frequency resources) with node q in the
DL and node m in the UL. All nodes are considered capable
of performing digital beamforming, which for simplicity we
assume to be realized with linear filters. Node k is also capable
of analog TX/RX beamforming using the partially connected
HBF architecture [11], as will be detailed in the sequel.
It is assumed that node m makes use of the digital precoding
matrix V(BB)m ∈ CNm×dm for processing in BaseBand (BB)
its unit power symbol vector sm ∈ Cdm×1 (chosen from a dis-
crete modulation set) before UL transmission. The dimension
of sm satisfies dm ≤ min{M (RF)k , Nm} with M (RF)k (it holds
M
(RF)
k ≤ Mk, or even in practice M (RF)k  Mk) denoting
the number of RX RF chains at node k. The constraint for dm
certifies data decodability for the considered UL communica-
tion. It additionally holds that E{‖V(BB)m sm‖2} ≤ Pm, where
Pm is the total TX power of node m. On the DL, the reception
node q applies the digital combining matrix U(BB)q ∈ CNq×dk
in the BB received signal that includes the unit power symbol
vector sk ∈ Cdk×1 (chosen from a discrete modulation set)
transmitted from node k such that dk ≤ min{Mq, N (RF)k }
with N (RF)k (N
(RF)
k ≤ Nk, but practically N (RF)k  Nk)
denoting the number of TX RF chains at node k. Similarly,
the latter constraint verifies the spatial DoF of the effective
Mq ×N (RF)k DL MIMO channel between the TX RF chains
of node k and the RX RF chains of node q. It is noted that
each antenna at node q is connected to a dedicated RF chain.
B. Proposed FD HBF Hardware Architecture
The proposed FD HBF hardware architecture, comprising
of N -tap analog cancellation for the SI signal as well as
A/D precoding and combining for the outgoing and incoming
signals, is adopted for the MIMO node k, as depicted in the
left part of Fig. 1. Differently from [10]’s architecture that
considered only fully digital TX/RX beamforming, node k is
capable of HBF through its partially connected beamforming
architecture. As shown in the figure, the analog canceller in-
terconnects the N (RF)k inputs of the analog TX precoder to the
M
(RF)
k outputs of the analog RX combiner. The complexity
of the analog canceller expressed in the number of taps N is
independent of the numbers Nk and Mk of the TX and RX
antennas, respectively, and as it will be shown next, it scales
with the product λN (RF)k M
(RF)
k with λ < 1. This is in contrast
to [10] where the analog canceller interconnects the Nk TX
antenna inputs to the Mk RX antenna outputs.
1) Partially Connected HBF: Each of the N (RF)k TX RF
chains of node k is connected to a separate subset of the
available TX antenna elements. As shown in Fig. 1, the
i-th TX RF chain with i = 1, 2, . . . , N (RF)k is connected
via phase shifters with N (A)k TX antenna elements, each
denoted as TX(i, j) ∀j = 1, 2, . . . , N (A)k . Clearly, it holds
Nk = N
(RF)
k N
(A)
k for the total number of TX antennas at
node k. Stacking the values of the N (A)k phase shifters that
connect each i-th TX RF chain with its antenna elements in
a complex-valued N (A)k × 1 vector vi, we can formulate the
complex-valued Nk×N (RF)k analog TX precoder, as follows:
V
(RF)
k =

v1 0N(A)k ×1
· · · 0
N
(A)
k ×1
0
N
(A)
k ×1
v2 · · · 0N(A)k ×1
...
...
. . .
...
0
N
(A)
k ×1
0
N
(A)
k ×1
· · · v
N
(RF)
k
 . (1)
The elements of each vi are assumed to have unit magnitude,
i.e., |[vi]n|2 = 1 ∀n = 1, 2, . . . , N (A)k . We also assume that
vi ∈ FTX ∀i = 1, 2, . . . , N (RF)k , which means that all analog
TX precoding vectors belong in a predefined beam codebook
FTX including card(FTX) distinct vectors (or analog beams).
Apart from applying V(RF)k in the analog domain to the
information bearing signal before transmission, the symbol
vector sk is also processed in BB with the digital TX precoder
V
(BB)
k ∈ CN
(RF)
k ×dk (recall that dk ≤ min{Mq, N (RF)k })
before entering into the N (RF)k TX RF chains, as shown in
Fig. 1. Similar to the UL communication from node m to
k, we assume that the DL transmission from node k to q is
power limited according to E{‖V(RF)k V(BB)k sk‖2} ≤ Pk with
Pk being the total available TX power at node k.
The RX side of node k is composed of an analog combiner
connecting the RX antenna elements to the inputs of the RX
RF chains, and a digital combiner that processes the outputs of
the RX RF chains in BB before signal decoding. In particular,
the n-th RX RF chain with n = 1, 2, . . . ,M (RF)k is connected
through phase shifters with M (A)k distinct RX antennas; these
phase shifters are denoted as RX(n, `) ∀` = 1, 2, . . . ,M (A)k .
It should hold that Mk =M
(RF)
k M
(A)
k for the total number of
RX antennas at node k. We define the complex-valued Mk ×
M
(RF)
k analog RX combiner U
(RF)
k having a similar block
diagonal structure to (1). In particular, U(RF)k contains un’s
with n = 1, 2, . . . ,M (RF)k in the diagonal, where each un
contains the unit magnitude values of the M (A)k phase shifters
(i.e., |[un]j |2 = 1 ∀j = 1, 2, . . . ,M (A)k ) connecting each n-
th RX RF chain with its antenna elements. We also assume
that un ∈ FRX ∀n, i.e., all analog RX combiners belong in
a predefined beam codebook FRX having card(FRX) vectors.
Finally, U(BB)k ∈ CM
(RF)
k ×dm with dm ≤ min{M (RF)k , Nm}
represents the digital RX combiner at node k.
2) Multi-Tap Analog Cancellation: The analog canceller
at node k consists of N taps with each tap connected via
a N (RF)k -to-1 MUltipleXer (MUX) to all N
(RF)
k outputs of
the respective TX RF chains. A tap includes a fixed delay, a
variable phase shifter, and a variable attenuator [10], [16]. To
route the cancellation signal to one of the adders located just
before the RX RF chains, the output of each tap is connected
to a 1-to-M (RF)k DEMUltipleXer (DEMUX). There is a total
of NM (RF)k such adders and we use the notation “Adder
(i, j)” to label the adder that connects DEMUX j to RX RF
chain i, where i = 1, 2, . . . ,M (RF)k and j = 1, 2, . . . , N .
The adders before the RX RF chains can be implemented
via power combiners or directional couplers, while the analog
RF MUXs/DEMUXs can be implemented with RF switches.
Clearly, the proposed analog canceller interconnects the out-
puts of some of the available TX RF chains to the inputs of
some of the RX RF chains, and in contrast to [10], the size
of each MUX/DEMUX depends on the number of TX/RF RF
chains and not on the number of TX/RX antennas. Similar
to [10], we model in BB the analog processing realized by
the analog canceller as Ck , L3L2L1 ∈ CM
(RF)
k ×N
(RF)
k ,
where L1 ∈ RN×N
(RF)
k , L2 ∈ CN×N , and L3 ∈ RM
(RF)
k ×N .
The elements [L1]j,` and [L3]i,j with j = 1, 2, . . . , N ,
` = 1, 2, . . . , N
(RF)
k , and i = 1, 2, . . . ,M
(RF)
k take the binary
values 0 or 1, and it must hold that
N
(RF)
k∑
`=1
[L1]j,` =
M
(RF)
k∑
i=1
[L3]i,j = 1 ∀j = 1, 2, . . . , N. (2)
The L2 in Ck is a diagonal matrix whose complex entries
represent the attenuation and phase shift of the canceller
taps; the magnitude and phase of the element [L2]i,i with
i = 1, 2, . . . , N specify the attenuation and phase of the i-
th tap. Recall that the tap delays in each canceller tap are
fixed, hence, we model the effects of the i-th tap delay as a
phase shift that is incorporated to the phase of [L2]i,i.
C. Received Signal Models
Using the previously described system configuration, the
BB received signal yq ∈ CMq×1 at node q in the DL
communication can be mathematically expressed as
yq , Hq,kV(RF)k V
(BB)
k sk +Hq,mVmsm + nq, (3)
where Hq,k ∈ CMq×Nk is the DL channel gain matrix (i.e.,
between nodes q and k), Hq,m ∈ CMq×Nm denotes the
channel gain matrix for inter-node interference (i.e., between
nodes q and m), and nq ∈ CMq×1 represents the Additive
White Gaussian Noise (AWGN) at node q with variance σ2q . In
the UL communication, the symbol vector sˆm ∈ Cdm×1 used
for the estimation of sm at the FD HBF node k is derived as
sˆm ,
(
U
(BB)
k
)H((
U
(RF)
k
)H
Hk,kV
(RF)
k +Ck
)
V
(BB)
k sk
+
(
U
(BB)
k
)H (
U
(RF)
k
)H
(Hk,mVmsm + nk) , (4)
where Hk,k ∈ CMk×Nk denotes the SI channel seen at the
RX antennas of node k due to its own DL transmission,
Hk,m ∈ CMk×Nm is the UL channel gain matrix (i.e., between
nodes k and m), and nk ∈ CMk×1 denotes the received
AWGN at node k with variance σ2k. The first term in (4)
describes the residual SI signal after analog cancellation and
A/D TX/RX beamforming, while its second term contains
the A/D RX combined signal transmitted from node m plus
AWGN. In contrast to [10], Ck needs to cancel the SI
channel (U(RF)k )
HHk,kV
(RF)
k , which is a matrix of dimension
M
(RF)
k ×N (RF)k and not the actual Mk×Nk SI channel Hk,k.
III. JOINT DESIGN PROBLEM FORMULATION
We focus on the FD HBF node k in Fig. 1 and present a
sum-rate optimization framework for the joint design of Ck,
V
(RF)
k , V
(BB)
k , U
(RF)
k , and U
(BB)
k . Using the notation Vk ,
V
(RF)
k V
(BB)
k and assuming capacity-achieving combining at
node q, the achievable DL rate that is a function of the A/D
TX precoding matrices V(RF)k and V
(BB)
k of node k as well
as the digital TX precoder Vm of node m, is given by
RDL = log2
(
det
(
IMq +Hq,kVkV
H
kH
H
q,kQ
−1
q
))
, (5)
where Qq ∈ CMq×Mq denotes the covariance matrix of the
Interference-plus-Noise (IpN) at node q that is obtained as
Qq , Hq,mVmVHmHHq,m + σ2qIMq . (6)
We hereinafter assume that there is no inter-node interference
between the HD multi-antenna nodes q and m due to, for
example, appropriate node scheduling [7] for the FD operation
at node k. The latter assumption translates to setting the
channel matrix between those involved nodes in (3) as Hq,m =
0Mq×Nk , which means that (6) simplifies to Qq = σ
2
qIMq .
For the computation of the achievable UL rate, we use
the notation Uk , U(RF)k U
(BB)
k to express this rate as a
function of the A/D RX combiners U(RF)k and U
(BB)
k , the A/D
TX precoders V(RF)k and V
(BB)
k , and the analog cancellation
matrix Ck of node k as well as of the digital TX precoder
Vm of node m. Using (4), the UL rate is given by
RUL = log2
(
det
(
Idm +U
H
kHk,mVmV
H
mH
H
k,mUkQ
−1
k
))
.
(7)
where Qk ∈ Cdm×dm denotes the IpN covariance matrix after
A/D RX combining at node q, which can be expressed as
Qk ,
(
U
(BB)
k
)H
H˜k,kV
(BB)
k
(
V
(BB)
k
)H
H˜Hk,kU
(BB)
k
+ σ2k
(
U
(BB)
k
)H (
U
(RF)
k
)H
U
(RF)
k U
(BB)
k .
(8)
In the latter expression, H˜k,k ∈ CM
(RF)
k ×N
(RF)
k denotes the
effective SI channel after performing analog TX/RX beam-
forming and analog cancellation, which is defined as
H˜k,k ,
(
U
(RF)
k
)H
Hk,kV
(RF)
k +Ck. (9)
Using the expressions (5) and (7) for the achievable DL and
UL rates, respectively, the sum-rate optimization problem for
Algorithm 1 Digital TX Precoder Design
Input: Pk, V
(RF)
k and U
(RF)
k solving OP2, Hk,k, and
Hq,k as well as a realization of Ck for a given N
satisfying constraint (C2).
1: Set H˜k,k =
(
U
(RF)
k
)H
Hk,kV
(RF)
k +Ck.
2: Obtain Dk with the N
(RF)
k right-singular vectors of H˜k,k
corresponding to the singular values in descending order.
3: for α = αmax, αmax − 1, . . . , 2 do
4: Set Fk = [Dk](:,N(RF)k −α+1:N
(RF)
k )
.
5: Set Gk as the optimum precoding for the effective
DL MIMO channel Hq,kV
(RF)
k Fk given Pk.
6: if ‖[H˜k,kFkGk](i,:)‖2 ≤ λA ∀i = 1, . . . ,M (RF)k , then
7: Output V(BB)k = FkGk and stop the algorithm.
8: end if
9: end for
10: Set Fk = [Dk](:,N(RF)k )
and Gk = P
1/2
k .
11: if |[H˜k,kFkGk]i|2 ≤ λA ∀i = 1, . . . ,M (RF)k , then
12: Output V(BB)k = FkGk and stop the algorithm.
13: else
14: Output that the Ck realization does not meet
the residual SI constraint.
15: end if
the joint design of the analog canceller and the A/D TX/RX
beamformers is mathematically expressed as
OP : max
Ck,V
(RF)
k ,V
(BB)
k ,U
(RF)
k ,U
(BB)
k
RDL +RUL
s.t. tr{V(RF)k V(BB)k
(
V
(BB)
k
)H (
V
(RF)
k
)H
} ≤ Pk, (C1)
Ck = L3L2L1 with (2) and [L2]i,j = 0 for i 6= j, (C2)∥∥∥∥[H˜k,kV(BB)k ]
(j,:)
∥∥∥∥2 ≤ λA ∀j = 1, 2, . . . ,M (RF)k , (C3)
uj ∈ FRX ∀j and vn ∈ FTX ∀n = 1, 2, . . . , N (RF)k , (C4)
where constraint (C1) relates to the average TX power at node
k and constraint (C2) refers to the hardware capabilities of
the analog canceller. Constraint (C3) imposes the threshold
λA ∈ R on the average power of the residual SI signal after
analog cancellation and analog TX/RX beamforming. Finally,
constraint (C4) refers to the predefined TX and RX beam
codebooks. To tackle OP , which is a nonconvex problem with
nonconvex constraints, we adopt a similar to [10] decoupled
way that in this case requires at most αmax , N (RF)k − 1
iterations including closed form expressions for the design
parameters. We first solve for Ck, V
(RF)
k , V
(BB)
k , and U
(RF)
k
maximizing the DL rate, and then find U(BB)k maximizing the
UL rate. Specifically, we formulate the following optimization
subproblem for the design of Ck, V
(RF)
k , V
(BB)
k , and U
(RF)
k :
OP1 : max
Ck,V
(RF)
k ,V
(BB)
k ,U
(RF)
k
RDL s.t. (C1), (C2), and (C3).
For the solution of the latter problem we use an alternating
optimization approach. First, we find V(RF)k and U
(RF)
k con-
strained as (C4) that boost the DL rate, while minimizing the
SI signal before any other form of cancellation. Particularly,
we perform the following exhaustive search:
OP2 : max
V
(RF)
k ,U
(RF)
k
∥∥∥Hq,kV(RF)k ∥∥∥
F∥∥∥∥(U(RF)k )HHk,kV(RF)k ∥∥∥∥
F
s.t. (C4).
In the sequel, given the solution for OP2 and supposing
that the available number of analog canceller taps N and a
realization of Ck satisfying (C2) are given, we seek for V
(BB)
k
maximizing the DL rate while meeting (C1) and (C3). The
latter procedure is repeated for all allowable realizations of Ck
for the given N in order to find the best V(BB)k solving OP1;
this procedure is summarized in Algorithm 1. The values
for Ck, V
(RF)
k , V
(BB)
k , and U
(RF)
k solving OP1 are finally
substituted into the achievable UL rate expression RUL in
(7). The U(BB)k maximizing this point-to-point MIMO rate
is obtained in closed form using [17, Sec. 4.2].
IV. SIMULATION RESULTS AND DISCUSSION
In this section, we investigate the performance of the
considered 3-user bidirectional communication system for the
case where N (RF)k = Mq = 4, M
(RF)
k = 2, Nm = 1,
and N (A)k = M
(A)
k = {16, 128}. We have assumed that the
antennas at the FD HBF node k are arranged in Uniform
Linear Arrays (ULAs) with λ/2 space separation between
adjacent elements, where λ is the wavelength. The distance
and angle between the TX and RX ULAs at node k were set
respectively to d = 2λ and ω = pi/6 [12]. The DL and UL
channels were simulated as millimeter clustered channels, as
described in [13, eq. (2)] with pathloss 110dB. In addition, the
SI channel was modeled as Rician [13, eq. (7)] with K-factor
35dB and pathloss 40dB. The RX noise floors at both nodes k
and q were set to −110dBm, resulting in an effective dynamic
range of 62dB for 14-bit analog-to-digital converters with a
10dB peak-to-average power ratio. Hence, to avoid saturation,
the residual SI power after analog cancellation at the input of
each RX RF chain needs to be below −47dBm. Non-ideal
N -tap analog cancellation has been considered as in [10],
and for the analog TX/RX beamformers, we have used beam
codebooks based on the discrete Fourier transform matrix.
The achievable FD rate as a function of the transmit powers
of nodes k and m is illustrated in Fig. 2 for N = 4 taps
for the proposed analog canceller, which translates to 50%
reduction in the number of taps compared to a case that
connects all outputs of the TX RF chains to every input to
the RX RF chains. For the rate results, we averaged over
1000 independent channel realizations and calculated the FD
rate with the proposed Algorithm 1, as well as the achievable
HD rate. It is shown in the figure that all rates increase with
increasing transmit power, and no rate saturation is exhibited
for the proposed FD HBF technique. The latter trend witnesses
the effective adaptability of Algorithm 1 to the SI conditions
for both considered pairs of N (A)k and M
(A)
k . As an indicative
example, it is shown that for 40dBm transmit powers, the
proposed approach results in a 52bps/Hz achievable rate,
which is around 1.7 times more than the HD rate.
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Figure 2. Average FD and HD rates vs the transmit powers in dBm for
N
(RF)
k = Mq = 4, M
(RF)
k = 2, Nm = 1, and different values for N ,
N
(A)
k , and M
(A)
k at node k.
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